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The general validity of both the Rovamo [Vision Res. 39 (1999) 533] and Barten (Contrast sensitivity of the human eye, SPIE
Optical Engineering Press, 1999), modulation transfer function models for describing ﬂicker sensitivity in vertebrates was examined
using published data for goldﬁsh, chickens, tree shrews, ground squirrels, cats, pigeons and humans. Both models adequately de-
scribed the ﬂicker response in each species at frequencies greater than approximately 1 Hz. At lower frequencies, response pre-
dictions diﬀered between the two models and this was due, in part, to dissimilar deﬁnitions of the role played by lateral inhibition in
the retina. Modelled ﬂicker sensitivity for a matched retinal illuminance condition enabled a direct inter-species comparison of signal
processing response times at the photoreceptor level. The modelled results also quantiﬁed diﬀerences between species in post-retinal
signal processing capability. Finally, the relationship between ﬂicker frequency response curves and the perception of temporal
signals in real visual scenes was examined for each species. It is proposed that the area under the ﬂicker sensitivity function may oﬀer
a single ‘‘ﬁgure of merit’’ for specifying overall sensitivity to time signals in a species environment.
 2003 Elsevier Science Ltd. All rights reserved.
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Human sensitivity to a ﬂickering light typically rises
as temporal frequency increases from values of around 1
Hz, peaks in the range 10–15 Hz and then rapidly de-
creases (De Lange, 1958; Kelly, 1961, 1971a, 1971b;
Raninen & Rovamo, 1996; Roufs, 1972, 1973). Some
studies of human ﬂicker response have also shown that
sensitivity can remain relatively invariant in the 0.1–1.0
Hz frequency range (Spekreijse, van Norren, & van den
Berg, 1971; Swanson, Ueno, Smith, & Pokorny, 1987).
It is now generally accepted that two retinal processes
are responsible for the behaviour of human ﬂicker sen-
sitivity. The ﬁrst, which acts as a low-pass temporal
ﬁlter, relates to signal processing primarily within the
photoreceptors. The second, which displays high-pass
ﬁltering, describes the action of lateral inhibition via a
signal feedback network formed from horizontal and
amacrine cell connections (Barten, 1999; Donner &
Hemila, 1996; Kelly, 1971a; Rovamo, Raninen, Lukk-
arinen, & Donner, 1996; Rovamo, Raninen, & Donner,* Corresponding author. Tel.: +44-1525-860000; fax: +44-1525-
860156.
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doi:10.1016/S0042-6989(03)00253-01999). The low-frequency fall-oﬀ in ﬂicker sensitivity is
primarily due to lateral inhibition.
The two current models of human ﬂicker sensitivity
(Barten, 1999; Rovamo et al., 1996, 1999) also identify
quantal noise, internal visual noise, and cortical signal
detection as important factors. The deployment of both
models to measured ﬂicker sensitivity has enabled hu-
man temporal signal processing to be quantiﬁed at both
retinal and post-retinal levels.
Flicker sensitivity responses have now been measured
for pigeons (Graf, 1973), goldﬁsh (Bilotta, Lynd, &
Powers, 1998), cats (Loop & Berkley, 1975), tree shrews
(Callahan & Petry, 1999), ground squirrels (Jacobs,
Blakeslee, McCourt, & Tootell, 1980) and chickens
(Jarvis, Taylor, Prescott, Meeks, & Wathes, 2002).
These psychophysical studies have all produced sensi-
tivity functions resembling the human curve at least in
proﬁle, suggesting similar underlying visual mecha-
nisms. This particular group of animals has a diverse
range of visual systems and ecology. The cat represents a
good example of a species whose vision is well suited to
low light levels and where the retina is primarily rod-
dominated (Steinberg, Reid, & Lacy, 1973). The reﬂec-
tive layer at the back of the cats eye (tapetum lucidum)
ensures a high eﬃciency of light capture (Samuelson,served.
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urnal mammals with cone-rich retinas (Jacobs et al.,
1980; Rohen & Castenholz, 1967; West & Dowling,
1975) with the latter species considered a prototype of
primitive primates (Campbell, 1980). Pigeons and
chickens also have cone-dominated retinas (Walls, 1942)
and both visual systems are characterised by a relatively
fast pupil reﬂex to light ﬂashes (Barbur, Prescott,
Douglas, Jarvis, & Wathes, 2002; Gundlach, 1934). Fi-
nally, inclusion of the goldﬁsh allows comparison with a
teleost whose anatomy and physiology have been stud-
ied extensively (see Rodieck, 1973 for references). In this
species, the ratio of cones to rods decreases with retinal
size, resulting in a greater proportion of rods in larger
specimens (Johns & Easter, 1977). On the basis of these
ﬁndings alone, diﬀerences in temporal signal processing
between these species would be expected.
In a study of the chickens ﬂicker sensitivity, the
ﬂicker response model proposed by Rovamo was em-
ployed to provide photoreceptor response time infor-
mation and estimates of post-retinal signal-to-noise
performance (Jarvis et al., 2002). We now show in this
communication that the models formulated by both
Rovamo and Barten are capable, to various degrees, of
quantifying ﬂicker sensitivity in all the species cited
above. The modelling procedures used have also enabled
a complete inter-species comparison of temporal signal
processing to be made.2. The models
In general terms, the models developed by Barten and
Rovamo describe the human temporal visual system in
terms of the stages shown in Fig. 1 and each stage in this
imaging chain is characterised by a modulation transfer
function (MTF). Initially, an input signal undergoes
attenuation through the optical properties of the eye.
This processing is represented by OðuÞ, the optical MTF
where u represents spatial frequency (cycles/deg). Signal
attenuation through the eyes optics only has a signiﬁ-
cant eﬀect on the transfer of temporal information for
small ﬂickering stimuli. Temporal signal processing atIncident
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Fig. 1. Schematic representation of the temporal visual system according t
temporal frequency (Hz) (see text for further details).the photoreceptor stage involves a low-pass ﬁlter with
an associated MTF denoted by R in Fig. 1. The action of
lateral inhibition in the retina is described by a high-pass
ﬁlter, where P denotes its MTF. The ﬁnal processing
stage is a detection ﬁlter situated within the visual cor-
tex.
There are two sources of noise associated with the
human temporal visual system. The ﬁrst is quantal noise
(Nqt) which is generated during photon capture, and the
second is neural noise (Nit) which is assumed to be
generated by statistical ﬂuctuations in the temporal
signal as it is transported along optic nerve ﬁbres (Bar-
ten, 1999). Quantal noise is known to aﬀect signal de-
tection at very low light levels (De Vries, 1943; Rose,
1948).
In detail the models for the human temporal visual
system proposed by Barten and Rovamo show dissimi-
larities, and these are now described. In the following
treatment, ﬂicker sensitivity is deﬁned in terms of root
mean square (rms) temporal contrast sensitivity (S)
(Rovamo et al., 1996) given by
S ¼ p2  ðmÞ1
where m denotes the Michelson contrast of a sinusoidal
ﬂickering stimulus at the threshold of ﬂicker detection.
2.1. The Barten model
This particular interpretation of the schematic model
shown in Fig. 1 has been employed successfully to de-
scribe human threshold sensitivity to sine-wave ﬂicker
for a large body of published data (see Barten, 1999 for
details). This includes the modelling of human threshold
sensitivity data measured from ﬂickering grating stimuli
by Kelly (1979) and Robson (1966). In this model, rms
temporal contrast sensitivity (SB) is given by
SBðf ; u; IÞ ¼ c  OðuÞ  fpAðuÞ:½Nqt þ Nit  R2ðf ; IÞ
 P2ðf ; u; IÞ
0:5g1 ð1Þ
where f represents the temporal frequency (Hz) of the
visual stimulus and I the associated retinal illuminance
in Trolands (Td). If the stimulus ﬁeld is spatially uni-
form and of angular size X 0, then u is approximatelyLateral
Inhibition
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Signal
Detection
(cortex)
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o the Rovamo and Barten models. In this representation, f denotes
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dressed in this model. The factor c is the Crozier coef-
ﬁcient which relates to visual signal detection (Roufs,
1974) and has a numerical value of around 0.3. The
function A describes both the temporal and spatial in-
tegration properties of the visual system. Speciﬁcally,
this is given by
AðuÞ ¼ T1ðX2 þ X2max þ u2  N2maxÞ ð2Þ
where T denotes the integration time of the eye and is
given the numerical value of 0.1 s (Schade, 1956). The
term Xmax represents the maximum angular size of
the stimulus for which spatial integration occurs, and
the term Nmax represents the maximum number of spa-
tial cycles over which the visual system can integrate the
information. Eq. (2) therefore, incorporates the spatio-
temporal signal processing response of the cortical de-
tector.
The photoreceptor response (R) is modelled by a
cascade of resistor/capacitor low-pass ﬁlters in the
manner suggested by De Lange (1958). The appropriate
MTF is
Rðf ; IÞ ¼ R0ðIÞ  ½1þ ð2pf s1Þ2
ðn=2Þ ð3Þ
where, s1 relates to photoreceptor response time at a
given retinal illuminance, and R0 is the zero frequency
asymptote. Eq. (3) adequately describes the temporal
response features of photoreceptors in the turtle (Baylor
& Hodgkin, 1974; Daly & Normann, 1985), monkey
(Schnapf, Nunn, Meister, & Baylor, 1990; Schneeweis &
Schnapf, 1995), and human (Hood & Birch, 1993).
Depending on the speciﬁc study, values of the parameter
n have been found to vary between 6 and 7. In the
Barten model a value of 7 is chosen. The value of R0 is
also placed equal to unity at all retinal illuminances.
From the deployment of this model in describing
human ﬂicker sensitivity data, Barten found that s1 is
related to retinal illuminance through the following re-
lationship
s1 ¼ s10  f1þ 0:55 ln½1þ ð1þ ð2X=ppÞÞ0:6
 ðI=3:5Þ
g1 ð4Þ
where s10 is a ﬁxed time constant for the visual system,
i.e. a parameter independent of retinal illuminance.
The MTF component describing lateral inhibition (P )
is given by
P ðf ; u; IÞ ¼ ½1 Hðf ; IÞ  F ðuÞ
 ð5Þ
where H represents the MTF describing attenuation
within the lateral inhibition network prior to the point
of interaction where this signal is subtracted from the
photoreceptor signal, i.e. before the point where the
negative feedback occurs. The physiological site for this
ﬁlter would therefore be in either the horizontal oramacrine cell network. Function F is the spatial equiv-
alent of H and is given by
F ðuÞ ¼ 1 ½1 expððu=u0Þ2Þ
0:5 ð6Þ
where the parameter u0 relates to the spatial frequency
at which lateral inhibition ceases to operate. In humans,
Barten found this value to be about 7 cycles deg1
(Barten, 1999). For a spatially uniform visual ﬁeld with
ﬁxed size, F ðuÞ is single valued.
The mathematical form of H is similar to R, i.e.
Hðf ; IÞ ¼ ½1þ ð2pf s2Þ2
ðn=2Þ ð7Þ
The time constant s2 now relates to the temporal re-
sponse of the inhibitory network. Again, from the use of
his model on experimental ﬂicker sensitivity data, Bar-
ten found that this time constant is related to retinal
illuminance by
s2 ¼ s20  f1þ 0:37 ln½1þ ð1þ ðð2X=ppÞ=3:2ÞÞ5
 ðI=120Þ
g1 ð8Þ
where s20 is a ﬁxed time constant.
The quantal noise Nqt is inversely proportional to
retinal illuminance (Barten, 1999; Pelli, 1990) and is
given in the Barten model by
Nqt ¼ ðr  d  IÞ1
where I denotes retinal illuminance, r is the quantum
eﬃciency of the eye, and d the photon conversion factor.
For most light sources, d is approximately 1.2 106
photons s1 deg2 Td1 (Barten, 1999). Factor r is ﬁxed
at a value of 0.03. Although quantal noise may aﬀect
signal detection at very low light levels (De Vries, 1943;
Rose, 1948), it appears to have little impact on ﬂicker
sensitivity over the retinal illuminance range of 0.2–2500
Td (Rovamo et al., 1999).
2.2. The Rovamo model
In the Rovamo model, the relative roles played by
lateral inhibition and the detection ﬁlter in the deter-
mination of ﬂicker sensitivity diﬀer signiﬁcantly from
those outlined by Barten. rms Flicker sensitivity ac-
cording to Rovamo is given by
SRðf ; IÞ ¼ fkpðgðf ÞÞ=½d 0pNit
g  Rðf ; IÞ  Pðf Þ ð9Þ
In this version, k is stimulus exposure time and the pa-
rameters related to cortical detection are now g and d 0.
Note that stimulus spatial features are not accounted for
in this model and quantal noise is assumed to be negli-
gible. Also, the detection process now has an ascribed
temporal frequency response. The factor d 0 in Eq. (9) is
the detectability index as deﬁned by Tanner and Birdsall
(1958) which relates to the signal/noise performance at a
detection ﬁlter and is equal to 1.4 (Rovamo et al., 1996,
1999).
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the parameter n equal to 6. The zero frequency asymp-
tote R0 is a function of retinal illuminance in the Rov-
amo model variant and is given by
R0ðIÞ ¼ ð1þ Ic=IÞ0:473 ð10Þ
where Ic is the critical retinal illuminance where Eq. (10)
approaches its maximum value. At moderate to high
illuminances, R0 is unity as in the Barten model.
The proposed relationship between the photoreceptor
response time constant and retinal illuminance diﬀers
between the two models. In the Barten version, this time
constant (denoted by s1) is given by a logarithmic
function of both I and stimulus size (Eq. (4)). In the
Rovamo model, this time constant is given by
s1 ¼ ð2p  aÞ1  Ib ð11Þ
where a and b are constants. The power function form of
Eq. (11) is supported by previous studies of photore-
ceptor response time to light ﬂashes in turtles (Baylor &
Hodgkin, 1974), frogs, (Donner, Koskelainen, Djup-
sund, & Hemila, 1995; Donner, Hemila, & Koskelainen,
1998) and newts (Forti, Menini, Rispoli, & Torre, 1989).
The deﬁnition of neural noise also diﬀers between the
two models. In the Rovamo version Nit is expressed in
units of s, whereas in the Barton version, which ad-
dresses stimulus size, the units are now s deg2. The cor-
tical detection ﬁlter (g) frequency response in the
Rovamo model is given by
gðf Þ ¼ k  f  ð12Þ
where k and  are constants.
The high-pass ﬁlter MTF term which characterises
the temporal response features of lateral inhibition in
Eq. (9) is denoted by P (which is equivalent to P in the
Barten model version). This function is given by
P ¼ a  f ð13Þ
where a is a constant, usually assumed in modelling
studies by Rovamo to be equal to 1 s.
The most signiﬁcant diﬀerence between the models
derived by Rovamo and Barten is the role played by
lateral inhibition. In the Rovamo version, the lateral
inhibition (high-pass) ﬁlter MTF is simply proportional
to temporal frequency (Eq. (13)). The equivalent Barten
MTF (Eq. (5)) has a radically diﬀerent mathematical
form. At low frequencies, this MTF remains relatively
constant. As frequency increases above about 1.0 Hz,
the function increases and then ﬁnally saturates to a
value of unity. The saturation behaviour displayed by
the Barten MTF is in agreement with previous studies of
the temporal MTF associated with lateral inhibition
(Donner & Hemila, 1996; Kelly, 1971a, 1971b). The
second diﬀerence is that the Barten MTF indicates di-
minished levels of lateral inhibition at low values of
retinal illuminance. The Rovamo MTF, however, indi-cates that the impact of lateral inhibition is independent
of retinal illuminance. A common explanation of the
shape and form of ﬂicker sensitivity curves at low levels
of retinal illuminance is in terms of reduced lateral in-
hibition which is in agreement with the Barten inter-
pretation. An electrophysiological study of the temporal
MTF of lateral geniculate nucleus (lgn) cells in cats
(Kaplan, Marcus, & So, 1979) supports the hypothesis
that lateral inhibition varies with retinal illuminance. On
the other hand, Enroth-Cugell, Lennie, and Shapley
(1975) found that lateral inhibition is eﬀective in cats
even in the dark adapted state. Currently, there are in-
suﬃcient direct physiological data available in the lite-
rature to resolve clearly either the role of retinal
illuminance in the temporal response features of lateral
inhibition, or a precise and agreed description of its
associated MTF (see Donner & Hemila, 1996 for a
discussion).3. Retinal illuminance
A key parameter in both models is retinal illumi-
nance. For humans, retinal illuminance (Td) is expressed
as the product of pupil area U (mm2) and luminance L
(cdm2). For a given stimulus luminance, calculation of
the comparable retinal illuminance produced in a non-
human subject requires both the pupil size and posterior
nodal distance (PND) of the eye (Berkley, 1976; Hughes,
1977; Loop & Berkley, 1975). For a given species, Loop
and Berkley (1975) showed that retinal illuminance may
be deﬁned in terms of ‘‘species equivalent’’ Trolands
(sTd). In applying the models described above to non-
human ﬂicker data, the retinal illuminance term I (in
units of sTd) is deﬁned as
I ¼ L  Us  ðPNDhÞ2  ðPNDsÞ2  q ð14Þ
where the subscripts h and s denote human or species
respectively. It is assumed that an appropriate value of
PNDh is 16.8 mm (Hartridge, 1947). The term q deﬁnes
the light reﬂected by a tapetum lucidum if this exists.
In order to use the ﬂicker models in a direct inter-
species comparison of temporal visual mechanisms, the
species equivalent retinal illuminance must be calculated
using Eq. (14). PND values required in this calculation
were obtained from published anatomical data for
goldﬁsh (Charman & Tucker, 1973), tree shrews (Nor-
ton & McBrien, 1992), ground squirrels (McCourt &
Jacobs, 1984), chickens (Schaeﬀel & Howland, 1988),
and cats (Vakkur, Bishop, & Kozak, 1963). Pupil size
data appropriate to the experimental conditions used are
also available for goldﬁsh (Douglas, 2002), tree shrews
(Norton, 2002), ground squirrels (McCourt & Jacobs,
1984), chickens (Schaeﬀel & Howland, 1988), and cats
(Hammond & Mouat, 1985). Values of PNDs, Us and
associated retinal illuminance calculated from Eq. (14)
Table 1
Pupil size, PND, stimulus luminance, retinal illuminance and stimulus size values relevant to the ﬂicker studies of goldﬁsh (Bilotta et al., 1998), tree
shrews (Callahan & Petry, 1999), ground squirrels (Jacobs et al., 1980), cats (Loop & Berkley, 1975), chickens, (Jarvis et al., 2002) and pigeons (Graf,
1973)
Species Luminance (cdm2) Pupil area (Us, mm2) PND (mm) Retinal illuminance (sTd) Stimulus size (X , deg)
Goldﬁsh 10 7.07 2.86 2439 35
Goldﬁsh 0.1 7.07 2.86 24.39 35
Goldﬁsh 0.001 7.07 2.86 0.2439 35
Goldﬁsh 0.0001 7.07 2.86 0.02439 35
Cat 0.03 94.52 12.50 8.2 15
Pigeon – – – 1540 10
Tree shrew 34 4.91 4.35 2489 10
Ground squirrel 3.4 4.91 5.00 184 10
Chicken 1000 9.62 6.50 64262 10
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sociated with each determination of ﬂicker sensitivity is
also given.
Although a tapetum lucidum exists in the dorsal
portion of the goldﬁsh retina, the ventral portion con-
tains a greater preponderance of cone cells (Wheeler,
1978) making it less sensitive at low illuminances. Since
the luminance levels shown in Table 1 for goldﬁsh pri-
marily excite cone cells (Bilotta et al., 1998), tapetal
reﬂection eﬀects were not addressed in the calculation of
retinal illuminance for this species. Tapetal reﬂection in
the cat is deﬁned by a value of 1.6 for q (Loop &
Berkley, 1975) and is based on the reﬂectivity data
measured by Weale (1953). In the pigeon study (Graf,
1973), retinal illuminance values were cited and assumed
accurate for the stimulus conditions.1
10
100
0.1 1 10 100
f Hz
Fl
ic
ke
r
se
n
si
tiv
ity
= Rovamo’s model
----- = Barten’s model
(b)
Fig. 2. RMS ﬂicker sensitivity of the human. Data points are mea-
sured values. The curves represent ﬂicker sensitivity as determined
from Eq. (9) (Rovamos model) and Eq. (1) (Bartens model) at two
retinal illuminances.4. Application of the models
The data points in Fig. 2 within the temporal fre-
quency range 1–70 Hz are measured human RMS ﬂicker
sensitivity values obtained by Jarvis et al. (2002) at two
retinal illuminances (4600 and 100 Td) and with binoc-
ular viewing of a 10 circular target. The data points
below 1 Hz are additional measured sensitivity values
obtained speciﬁcally for this comparison of Rovamo
and Barten models. The experimental procedures and
conditions employed in the determination of this extra
data were the same as in the Jarvis et al. study. The
dotted and solid curves in Fig. 2 represent the best
predictions obtained from Eqs. (1) (Barten model) and
(9) (Rovamo model). Parameter values for the Barten
model are similar to those previously derived in a study
of human ﬂicker sensitivity (Barten, 1999) where
Nit ¼ 3:0 108 s deg2, Xmax ¼ 12, k ¼ 3:0, Nmax ¼ 15
cycles, u0 ¼ 7 cycles deg1, s10 ¼ 0:038 s, and s20 ¼ 0:012
s. The associated values of s1 and s2 (obtained through
Eqs. (4) and (8)) for the retinal illuminance of 4600 Td
are 0.007 and 0.002 s respectively. Corresponding ﬁgures
for 100 Td are 0.010 and 0.003 s respectively. Stimulussize (X0) appropriate to the experimental data is 10.
Equation parameter values in the Rovamo model cal-
culations are again those derived in a previous study of
human ﬂicker sensitivity (Rovamo et al., 1999) where
Nit ¼ 5:0 105 s, k ¼ 0:148,  ¼ 0:568, and Ic ¼ 31:5
Td. Values of s1 are 0.006 s (4600 Td) and 0.01 s (100
Td). It will be noted that close agreement exists between
the Rovamo and Barten values of s1. For the measured
Fig. 3. RMS ﬂicker sensitivity of goldﬁsh at four retinal illuminances.
Data points represent measured values and the curves represent sen-
sitivity according to both models. Rovamo model parameter values are
identical to human values except for; Nit ¼ 1:5 105 s, Ic ¼ 0:05 sTd
and s1 ¼ 0:017, 0.027, 0.04, and 0.06 s for decreasing levels of retinal
illuminance. The Barten model parameter values are identical to hu-
man values except for; Nit ¼ 3:5 109 s deg2, s10 ¼ 0:13 s and
s20 ¼ 0:025 s.
1728 J.R. Jarvis et al. / Vision Research 43 (2003) 1723–1734data range (0.5–70 Hz), both models provide algorithms
capable of describing human ﬂicker sensitivity. The
Rovamo model cannot, however, account for the con-
stancy in sensitivity at very low frequencies.
Goldﬁsh ﬂicker sensitivity measurements obtained by
Bilotta et al. (1998) are shown as data points in Fig. 3.
These measurements are for the four retinal illuminance
levels given in Table 1. The solid lines in Fig. 3 are the
best predictions available from the Rovamo model (Eq.
(9)) with the retinal illuminance parameter (I) set at the
appropriate value given in Table 1. The results show
that this particular model can be adequately employed
to describe goldﬁsh ﬂicker sensitivity. Fig. 3 also shows
the best predictions from the Barten model at the two
highest levels of retinal illuminance; these results show
that this model can also describe ﬂicker sensitivity of
goldﬁsh. This capability is however, poor at the re-
maining two levels of retinal illuminance and for clarity
these modelling results are not shown.
Measured ﬂicker data for cats (Loop & Berkley,
1975), pigeons (Graf, 1973), tree shrews (Callahan &
Petry, 1999), ground squirrels (Jacobs et al., 1980) and
chickens (Jarvis et al., 2002) are shown by the data
points in Fig. 4. For each animal, the data are given at a
single retinal illuminance level speciﬁed in Table 1. Solidand dotted curves again represent the best ﬁt model
values according to Rovamo and Barten respectively.
Required equation parameter values are shown in the
ﬁgure caption. Again, both models can be used to de-
scribe adequately the response characteristics of these
ﬁve species over the range of temporal frequencies ex-
amined.5. Data analysis
With the Rovamo model, the goldﬁsh response curves
shown in Fig. 3 were obtained with a value of the scaling
term (
p
k=½d 0  pNit
) in Eq. (9) of almost twice that for
the human. This term is essentially a measure of the
signal/noise performance of the post-retinal visual sys-
tem. Application of the Barten model also revealed a
relatively low value of neural noise Nit. Thus, both
models indicate a higher overall capability of post-reti-
nal temporal signal processing in goldﬁsh compared
with humans. For the cat, pigeon, tree shrew, ground
squirrel and chicken the reverse is true. In all of these
species, the Rovamo model requires a much lower value
of (
p
k=½d 0  pNit
) compared with humans, and the
Barten model indicates increased levels of Nit.
The modelling conducted on these species has also
enabled a direct comparison to be made between pho-
toreceptor response times. This is illustrated in Fig. 5 for
the Rovamo model where values of s1 (the photore-
ceptor time constant) obtained from the goldﬁsh data
are shown plotted against species equivalent retinal il-
luminance with the best ﬁt line from Eq. (11). Also
shown are s1 values previously obtained from a study of
the Rovamo model applied to human and chicken
ﬂicker sensitivity data (Jarvis et al., 2002). For com-
parison, lines of equal slope to the goldﬁsh data (deﬁned
from b ¼ 0:11) have been plotted through these data
which emphasise the uniformity of ﬁt. Thus for humans,
goldﬁsh and chickens, Eq. (11) is found to represent
adequately the relationship between photoreceptor re-
sponse time and retinal illuminance. Other, single values
of s1 for the remaining species are also plotted.
It would be reasonable to assume from the results
obtained from the human, goldﬁsh and chicken, that
Eq. (11) is generally applicable to all species. If this is the
case, then it can be concluded from the relationships
shown in Fig. 5 that at any given level of retinal illu-
minance, peripheral signal processing time is relatively
long for goldﬁsh but progressively shortens in the order
humans, chickens, tree shrews, pigeons, cats and ground
squirrels. These conclusions from the Rovamo model
are fully quantiﬁed in Fig. 6, where the ratio of s1 ob-
tained for a given species to that for humans at the same
level of species equivalent retinal illuminance is given.
The appropriate human values of s1 were obtained by
direct calculation using Eq. (11). Bartens estimates of s1
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Fig. 4. RMS ﬂicker sensitivity of ﬁve species. Data points are measured values and model parameter values as for human unless stated otherwise: (a)
Cat (I ¼ 8:2 sTd). Rovamo parameters: Nit ¼ 6:5 104 s, s1 ¼ 0:014 s. Barten parameters: Nit ¼ 1:5 107 s deg2, s10 ¼ 0:017 s and s20 ¼ 0:005 s.
(b) Pigeon (I ¼ 1540 sTd). Rovamo parameters: Nit ¼ 9:0 102 s, s1 ¼ 0:0035 s. Barten parameters: Nit ¼ 1:0 105 s deg2, s10 ¼ 0:027 s and
s20 ¼ 0:009 s. (c) Tree shrew (I ¼ 2489 sTd). Rovamo parameters: Nit ¼ 9:0 102 s, s1 ¼ 0:0038 s. Barten parameters: Nit ¼ 6:0 106 s deg2,
s10 ¼ 0:026 s and s20 ¼ 0:006 s. (d) Ground squirrel (I ¼ 184 sTd). Rovamo parameters: Nit ¼ 3:5 103 s, s1 ¼ 0:0035 s. Barten parameters:
Nit ¼ 1:0 106 s deg2, s10 ¼ 0:017 s and s20 ¼ 0:006 s. (e) Chicken (I ¼ 64262 sTd). Rovamo parameters: Nit ¼ 2:0 102 s, s1 ¼ 0:0035 s. Barten
parameters: Nit ¼ 3:0 106 s deg2, s10 ¼ 0:031 s and s20 ¼ 0:009 s. Solid and dotted lines represent Rovamo and Barten model predictions re-
spectively.
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human values obtained from this model are also given in
Fig. 6. Excellent agreement is seen between the mathe-
matical models proposed by Rovamo and Barten from
the analysis of these time constant data. From these
analyses at matched retinal illuminance, the goldﬁshs
signal processing at the receptor level is calculated to be
approximately 3.0 times slower than for humans. The
chickens signal processing is approximately 1.4 times
faster than that for humans, in agreement with previous
ﬁndings (Jarvis et al., 2002), and both cats and ground
squirrels are around 2.0 times faster.Finally, a theoretical inter-species comparison of
overall ﬂicker sensitivity is shown in Fig. 7. These results
are calculations from both models at a matched retinal
illuminance of 100 sTd and for a circular stimulus ﬁeld
of 10. Values of s1 were derived using either Eq. (4) or
(11) as appropriate. Matched levels of retinal illumi-
nance have not been systematically achieved in previous
attempts to compare ﬂicker sensitivity of diﬀerent spe-
cies, aﬀecting the interpretation of the data (Jacobs et al.,
1980). The following conclusions about ﬂicker sensitiv-
ity can be drawn from both models at a retinal illumi-
nance of 100 sTd
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Fig. 5. Values of the Rovamo constant s1 vs. retinal illuminance (sTd)
for a variety of species. The line through the goldﬁsh data represents
the best ﬁt from Eq. (11) (deﬁned from equation parameter b ¼ 0:11).
The other lines also represent Eq. (11) with b ¼ 0:11 and demonstrate
its applicability to human and chicken responses.
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pigeons are similar and approximately 0.03 times
that of human in the 1–10 Hz range. At higher fre-
quencies this diﬀerence is less pronounced.
i(ii) The cats and ground squirrels ﬂicker sensitivity is
approximately 0.3 and 0.1 times that of the humans
respectively in the 1–10 Hz ranges and both cats
and ground squirrels have greater sensitivity to
ﬂicker than humans at high frequencies.
(iii) The goldﬁshs ﬂicker sensitivity is higher than that
of humans at low frequencies––approximately 3.0
times better according to the Barten model. At fre-
quencies above about 5 Hz, the goldﬁsh sensitivity
rapidly diminishes eventually reaching the lowest
critical fusion frequency (CFF) of all. (CFF corre-
sponds to a value of S equal to 1.414).0
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Fig. 6. Photoreceptor time constant ratio ½ðs1Þs=ðs1Þh
 where ðs1Þs is the time
time constant calculated at the same retinal illuminance. For goldﬁsh, the reti
given in Table 1.The models deﬁned by Rovamo and Barten both
indicate that similar physiological mechanisms are re-
sponsible for the diﬀerences between the theoretical re-
sponse curves of Fig. 7. First, the increased sensitivity of
the goldﬁsh compared with the human, is due solely to
the higher signal/noise performance associated with
post-retinal signal processing. The reduced sensitivity
displayed by all other animals compared with the hu-
man is due to a poorer post-retinal signal/noise perfor-
mance. Second, the improved ﬂicker sensitivity of both
the cat and ground squirrel compared with the human at
high frequencies is a consequence of relatively fast
peripheral signal processing as reﬂected by reduced
values of s1. The pigeon, chicken and tree shrew also
have associated s1 values less than those for humans.
This faster processing ensures that even though the low
and medium frequency sensitivity of these species is
particularly poor through reduced post-retinal signal/
noise performance, the CFF values approach those of
the human. The goldﬁshs peripheral signal processing is
relatively slow, which results in a diminished CFF
compared with humans.6. Discussion
Application of the ﬂicker sensitivity models proposed
by Rovamo and Barten to a wide range of species has
indicated important diﬀerences in temporal signal pro-
cessing both at the peripheral (retinal) and more central
(post-retinal) stages in each visual system. To a ﬁrst
approximation, faster peripheral signal processing en-
hances high-frequency ﬂicker sensitivity, while reducedPigeon Cat Ground
squirrel
constant associated with a given species. ðs1Þh is the equivalent human
nal illuminance is 2439 sTd. For all other species, retinal illuminance is
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Fig. 7. Calculated ﬂicker sensitivity for the species studied at a retinal illuminance of 100 sTd and stimulus size of 10. (a) Barten model (b) Rovamo
model.
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sensitivity to all frequencies. Although both models in-
dicate similar physiological reasons for the broad dif-
ferences displayed in ﬂicker sensitivity between species,
each places a diﬀerent emphasis on the detailed role
played by lateral inhibition and cortical detection. For
example, there is no equivalent to Bartens time constant
s2 (which relates to lateral inhibition) in the Rovamo
model and this contributes to the relatively large dif-
ference in proﬁle between the modelled curves at very
low frequencies. Measured human low-frequency ﬂicker
sensitivity (Fig. 2) strongly supports the Barten de-
scription of lateral inhibition rather than the Rovamo
version. Unfortunately, insuﬃcient low-frequency ﬂick-
er data exist in the literature for a direct comparison to
be made between both models in non-human subjects.
This is probably due, in part, to the diﬃculty in col-
lecting sensitivity data at very low frequencies. With
cycle times of around 10 s, temporal frequencies near 0.1
Hz are probably beyond the attention span of animals
involved in the type of psychophysical study previously
employed (MacFarland, 1985).In the treatment of lateral inhibition, the Barten
model resembles that of the earlier Kelly ﬂicker model
(Kelly, 1971a, 1971b), which mathematically describes
this physiological process in terms of a resistance–
capacitance integrator and feedback circuit. Although
lateral inhibition is the main factor contributing to low-
frequency fall-oﬀ in ﬂicker sensitivity curves, a full
understanding of the mechanism by which it operates
has yet to be formed (see Section 2).
The measured ﬂicker response data for the goldﬁsh,
ground squirrel, tree shrew, chicken and pigeon shown
in Fig. 4 all display low-frequency fall-oﬀ, which is a
well documented feature of human sensitivity. The
measured ﬂicker response of the cat does not, however,
directly indicate the existence of such suppression, and
the possibility has been raised that lateral inhibition in
this species has either a relatively long time constant or
is particularly weak (Loop & Berkley, 1975). In contrast,
the modelled Rovamo and Barten curves both indicate
the existence of signiﬁcant low-frequency fall-oﬀ in the
cat. Moreover, the Barten time constant s2 is also ap-
proximately half that for the human. Physiological
1732 J.R. Jarvis et al. / Vision Research 43 (2003) 1723–1734measurements of the cats ﬂicker sensitivity from lateral
geniculate nucleus cell responses (Kaplan et al., 1979),
ganglion cell responses (Frishman, Freeman, Troy,
Schweitzer-Tong, & Enroth-Cugell, 1987) and changes
in blood ﬂow rate at the optic nerve head (van Toi &
Riva, 1994) all support the presence of signiﬁcant
low-frequency suppression. However, the blood ﬂow
measurements indicate that low-frequency fall-oﬀ com-
mences below 5 Hz, lower than those frequencies mea-
sured in the Loop and Berkley study (1975).
Apart from the quantiﬁcation of lateral inhibition,
the models proposed by Rovamo and Barten also diﬀer
in that stimulus size is only directly addressed in the
latter. Increasing stimulus size can lead to both an in-
crease in high-frequency sensitivity and a decrease at
low frequencies (Brundrett, 1974; Kelly, 1959; Roufs &
Bouma, 1980). A computer study of the Barten model
has shown that size-related changes in sensitivity occur
predominantly at low-frequencies for the stimulus size
range shown in Table 1. Some disparity between the
Rovamo and Barten modelled response curves would
also be expected on this basis.
The description of photoreceptor response in terms of
a cascade of resistance–capacitance low-pass ﬁlters is
essentially the same in both models. This concept diﬀers
from that employed in the earlier Kelly ﬂicker model
which deﬁned receptor response in terms of the then
current chemical diﬀusion theories (Veringa, 1963). Both
ﬁlter types have been successful in modelling human
ﬂicker sensitivity (Corwin & Dunlap, 1987), and the
diﬀusion-based model has been further reﬁned mathe-
matically (van Toi, 1989). Available physiological evi-
dence (see Section 2) does however, oﬀer stronger
support for the resistance–capacitance model.
It has been assumed that the peripheral low-pass ﬁlter
stage predominantly reﬂects photoreceptor activity. The
possibility exists, however, that the time constant asso-
ciated with this ﬁlter (s1) may also reﬂect signal pro-
cessing at stages between the photocurrent response and
ganglion cell spike discharge response (Baylor & Fetti-
place, 1977). Overall the absolute values of s1 found in
the modelling are slower than those expected from cone
responses (Rovamo et al., 1999) which supports this
possibility. Inter-species diﬀerences in s1 may therefore
reﬂect more than just simple changes in photoreceptor
response.
In addition to providing mechanistic visual informa-
tion, a ﬂicker sensitivity curve obviously indicates how
eﬃciently a particular species perceives temporal signals
in its environment. The enhanced high-frequency sensi-
tivity shown in Fig. 7 by the cat, for example, would be
of particular beneﬁt to a predator. The goldﬁsh data, on
the other hand, reveal that this species is tuned to slow
or subtle time changes in its visual world. Although the
avian examples (pigeons and chickens) have consider-
ably reduced overall ﬂicker sensitivity, their high-fre-quency response approaches that of the human. Thus an
ability to perceive rapid or transient information, for
example an incoming predator or small rapidly moving
prey, remains relatively intact. The ecological beneﬁts or
reasons for the ground squirrel and tree shrew responses
are not clear.
A real visual scene contains extended frequency
spectra of both temporal and spatial information. In the
spatial domain, the psychological attribute of sharpness
or visual clarity has been related to the area under the
spatial contrast sensitivity function (Granger & Cupery,
1972; Topfer & Jacobson, 1993; van Meeteren, 1973;
Versu, Lehtio, & Rovamo, 1981). By analogy, it would
seem reasonable to suggest that the area under the
ﬂicker sensitivity function might provide a useful single
‘‘ﬁgure of merit’’ for overall sensitivity to time signals
encountered in a species environment. Thus, ‘‘inte-
grated ﬂicker sensitivity’’ may be deﬁned as,
S0 ¼
Z 1
0
Sðf Þdf ð15Þ
Calculations of S0 obtained from the theoretical curves
shown in Fig. 7 indicate that in terms of this particular
visual assessment criterion, humans and cats are very
similar and rank the highest of all species. Chickens,
pigeons, and tree shrews rank the lowest.Acknowledgements
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